Summary. This paper shows that questions of an unexpected phylogenetic depth can be addressed by the study of mitochondrial DNA (mtDNA) sequences. For decades, it has been unclear whether coelacanth fishes or lungfishes are the closest living relatives of land vertebrates (Tetrapoda). Segments of mtDNA from a lungfish, the coelacanth, and a ray-finned fish were sequenced and compared to the published sequence of a frog mtDNA. A tree based on inferred amino acid replacements, silent transversions, and ribosomal RNA (rRNA) substitutions showed with statistical confidence that the lungfish mtDNA is more closely related to that of the frog than is the mtDNA of the coelacanth. This result appears to rule out the possibility that the coelacanth lineage gave rise to land vertebrates; hence, morphological characters that link the latter two groups are possibly due to convergent evolution or reversals and not to common descent. Besides supporting the theory that land vertebrates arose from an offshoot of the lineage leading to lungfishes, the molecular tree facilitates an evolutionary interpretation of the morphological differences among the living forms. It would appear that the common ancestor of lungfishes and tetrapods already possessed multiple morphological traits preadapting their locomotion, circulation, and respiration for life on land.
Introduction
The recognition that land vertebrates (tetrapods) evolved from lobe-finned fishes was one of the great achievements of comparative morphology (Romer 1966) . For more than a century, however, there has been uncertainty (Forey 1988 ) about which of the two lobe-finned groups, the Crossopterygii or lungfishes, are more akin to tetrapods (Fig. 1, see legend) . So long as this matter was unsettled, it was impossible to develop a detailed model of how fishes conquered the land.
Fifty years ago, the discovery of a living species representing an otherwise extinct group of coelacanths (Smith 1939 (Smith , 1953 , which comprise a part of the Crossopterygii, created hope that this living fossil was the missing link and close to the ancestry oftetrapods. However, even with extant material at hand, comparative morphologists and paleontologists favored different relationships (Fig. I A) (Wahleft 1968; Lovtrup 1977; Wiley 1979; Rosen et al. 1981; Lagios 1982; Forey 1987; Fritzsch 1987; Northcutt 1987; Schultze 1987) . Although the above question is unsolved, it is generally accepted, as shown in Fig. 1A , that ray-finned fishes (Actinopterygii) are more distantly related to the tetrapods and are the sister-group of all lobe-finned fishes (Romer 1966; Forey 1988 ; but see Wahlert 1968) . A molecular approach to defining the genealogical relationships among the four lineages (tetrapod, to one another and to land vertebrates. A Tree relating the rayfinned fishes (R) and the two groups of lobe-finned fishes, coelacanths (C) and lungfishes (L). In this tree x refers to the common ancestor of all three groups and y to the common ancestor of all lobe-finned fishes. In our terminology, yL is the lungfish lineage, yC is the coelacanth lineage, and xR is the ray-finned fish lineage. The question addressed in this paper is whether tetrapods are derived from the yL, the yC, or the xy lineage. Some workers favor the yL hypothesis (Wahlert 1968; Rosen et al. 1981) , others favor the yC hypothesis (Fritzsch 1987; Northcutt 1987) , whereas still others favor the xy hypothesis (Forey 1987) ; all three hypotheses treat ray-finned fishes as the most distant relatives of tetrapods. B Tree relating tetrapods to the fish lineages shown in Fig. 1A . In this tree, z refers to the common ancestor of tetrapods and modem lungfish. According to the molecular results reported in this study, tetrapods are an offshoot of the yL lineage.
lungfish, coelacanth, and ray-finned fish) is thus in order (Maeda et al. 1984; Hillis and Dixon 1989) . There is growing confidence among molecular evolutionists that when statistical criteria are used to evaluate genealogical trees, biochemical methods can often solve phylogenetic questions definitively (Wilson et al. 1989) . The delay in achieving this advance arose in part from technical limitations existing in the era before direct sequencing via the polymerase chain reaction had been invented and also because awareness of the availability of statistical tests was not widespread. For example, no statistical tests were done when two different genes (Morden and Golden 1989; Turner et al. 1989) were used to examine the phylogenetic position of prochlorophytes. Had statistical tests been done on the nucleotide sequences, both genes would have been found to support the same tree, i.e., the tree that links Fremyella (a standard cyanobacterium) more closely than prochlorophytes with green land plants (A.C. Wilson, unpublished) . To the best of our knowledge, there are very few cases (for orthologous genes) in which statistically significant conflicts exist among genes as regards genealogical relationships. The exceptions are rare cases of horizontal transfer of genes (e.g., Normand and Bousquet 1989) . Therefore, we have used direct sequencing via the polymerase chain reaction to obtain a statistically adequate sample of sequence information with which to answer the question of how tetrapods are related to lobe-finned fishes.
Our use ofmitochondrial DNA (mtDNA) for this study may seem surprising because it is known chiefly as a genealogical tool for examining closely related species . This ostensible limitation was a consequence of using restriction enzymes for mtDNA comparisons. Since the advent of direct sequencing via the polymerase chain reaction, it has become possible to probe deeper branches in genealogical trees Irwin et al. 1990 ). Such probing is facilitated by confining attention to base positions that change very slowly (e.g., replacement sites in protein-coding genes and most sites in rRNA genes) and to base changes of the sort that accumulate slowly (i.e., transversions).
Materials and Methods
From the Midas cichlid fish [Cichlasoma citrinellum, Actinopterygii (ray-finned fish)], the South American lungfish (Lepidosiren paradoxa, Dipnoi), and the coelacanth (Latimeria chalumnae, Actinistia) DNA was extracted as described ) from tissues taken from frozen specimens. [Formalin-fixed tissues of museum specimens of Latimeria and the other two extant genera of lungfishes (Protopterus and Neoceratodus) have been used as well. The sequences obtained from these materials were shorter and supported the conclusions based on the frozen specimens (A. Meyer and A.C. Wilson, unpublished) . Partial sequences of the mitochondrially encoded cytochrome oxidase III gene and of the nuclear 18S rRNA were also obtained. They too support the conclusions based on our studies of the genes for cytochrome b and 12S rRNA (A. Meyer and A.C. Wilson, unpublished) .]
Amplifications and Direct Sequencing. Amplifications were done in 25 #1 of Tris (67 mM, pH 8.8) containing MgC12 (2 mM), 1 mM of each dNTP, 1 tzM of each primer, template DNA (10-1000 ng), and Taq polymerase (I .25 units, Perkin-Elmer-Cetus). The primer sequences for the 12S rRNA are L1091 5'-AAAA-AGCTTCAAACTGGGATTAGATACCCCACTAT-3' and H1478 5'-TGACTGCAGAGGGTGACGGGCGGTGTGT-3' ; the sequences of the cytochrome b primers are L 1472,* 5'-CGAAGCTTGATATGAAAAACCATCGTTG-3' (designed by S. P'fih'bo) and H15149 5'-AAACTGCAGCCCC-TCAGAATGATATTTGTCC~CA-3' . L and H refer to the light and heavy strands, respectively, and the numbers refer to the 3' position of the primers in human mtDNA (Anderson et al. 1981 
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Results
We sequenced 664 bp of two slowly evolving mitochondrial genes from three species--a ray-finned fish, a lungfish, and a coelacanth--and compared them to the published sequences of a tetrapod mtDNA (Roe et al. 1985) . Figure 2 shows the aligned mtDNA sequences for 12S rRNA (304 bp) and cytochrome b (360 bp) for the four taxa considered. The cytochrome sequences compared differ only by base substitutions. The percentage of base positions at which there are differences due to those sorts of base substitutions that accumulate slowly is rather low. The slow changes include silent transversions as well as replacements, and the percentage differences range from 16.8 to 20.4 for the various pairs of taxa (Table 1) . Thus, the sequences compared are not far into the multiple-hit zone as regards these slow changes. (Fig. 2) , and those below the diagonal come from the first 240 bp of the 12S rRNA (Fig. 2) . Replacement substitutions and, at third positions, also silent transversions were considered in the comparison of the cytochrome b sequences. The tetrapod used in this comparison is the frog Xenopus laevis
The alignment of the rRNA sequences is also easy for the first 240 base positions. After this, however, the alignment becomes ambiguous so that phylogenetic analysis was confined to the first 240 bp. In the 240-bp segment, 79 positions varied by base substitution among the four taxa. The percentage of positions at which there are differences due to base substitution ranges from 16.7 to 23.3 (Table 1 ). An implication is that the sequences compared are not deeply within the multiple-hit zone and therefore may be used for phylogenetic analysis.
Considering the cytochrome and rRNA results together, there are 198 slowly changing positions suitable for phylogenetic analysis. Of these, 33 were phylogenetically informative (Fig. 2) . That is, at each such site, the three possible trees relating the four species (see legend of Fig. 1 ) differ as regards the minimum number of mutations needed to explain the variation at that site.
For 19 of these 33 sites, tree B in Fig. 1 explains the variation with a single mutation per site. By contrast, for only seven of the sites can the sequence variation be explained with one mutation when either of the alternative trees is used. The likelihood that a score of 19:7 could arise by chance in 26 trials is less than 0.015 (Prager and Wilson 1988) . Hence tree B in Fig. 1 is significantly better than either of the alternative trees at explaining the sequence variation.
A parsimony analysis (Swofford 1989) , with the ray-finned fish as an outgroup, also favored the joining of the lungfish and tetrapod lineages over the other two possibilities when only positions with amino acid replacement changes in cytochrome and the first 240 bp of rRNA were used. Tree B in Fig.  1 required 208 steps at the 154 variable positions (consistency index = 0.952), whereas the two other possible trees (not shown) were 13 and 11 steps longer. A bootstrapping test that, given the use of a large number of phylogenetically informative characters, allows one to attach a probability value to a branching order of a tree (Felsenstein 1985) was conducted using the computer program PAUP (Swofford 1989) . The branching order in tree B received support in 99-100 out of 100 trials. Distance trees constructed by the neighbor-joining (Saitou and Nei 1987) and the distance Wagner (Fan'is 1972) methods using the sums of the rRNA differences and the replacement differences in cytochrome b also supported tree B. We did not find a base-compositional bias in the data that could account for the lungfish-tetrapod affiliation. The result of our analysis was unchanged by the inclusion or exclusion of the last 64 bp of the 12S rRNA sequence shown in Fig. 2 .
Discussion
This study demonstrates that the phylogenetic information contained in mtDNA can reach further back into the evolutionary history of vertebrates than was suspected and can answer an old evolutionary question with statistical confidence. This evolutionary depth might only be attainable in coldblooded vertebrates, as evidence is accumulating that the rate of amino acid replacement in mtDNA is lower in these organisms than in warm-blooded vertebrates Thomas and Beckenbach 1989; Johansen et al. 1990) . A lower rate of sequence change reduces the likelihood of parallelism and reversals and thus raises the resolving power of a genealogical analysis (Prager and Wilson 1988) . Accordingly, if a mouse sequence is used instead of the frog, tree B still wins, but less decisively.
One implication of our findings is that the coelacanth lineage (yC, Fig. 1 ) was not the direct source of the tetrapod lineage, whereas the lineage leading to modern lungfishes (yL, Fig. 1 ) was. Another possible implication emerges from the surprising strength of the lungfish-tetrapod link, namely that their common stem lineage (yz, Fig. 1 ) may reach back further in time than the current interpretations of the fossil record suggest. Traditionally, the period of common ancestry represented by the yz lineage in Fig. 1B tended to be regarded as probably short, in comparison to that represented by the zL or zT lineages, the reason being that lungfishes, crossopterygians, and actinopterygians all appear in the fossil record about 400 million years ago (e.g., Romer 1966).
Morphological Traits Apportioned on the Molecular Tree
With the framework provided by the molecular tree (Fig. 1B) , it is possible to gain a better understanding of the morphological transition from water to land, i.e., the loss or gain of morphological traits during the evolution of tetrapods from lobe-finned ancestors and the selective forces that made common ancestors of living lungfishes and tetrapods particularly apt to conquer the land. Thus, the states of 22 morphological traits (from living members of the groups considered) listed in Table 2 can now be allocated to lineages on the molecular tree.
In accordance with the parsimony principle, we postulate that each of the first 14 traits underwent a single change on the stem lineage (yz, Fig. 1 ) leading to the common ancestor (z, Fig. 1 ) of lungfishes and tetrapods. These changes include gain of the abilities to breathe through internal nostrils, to control access to the trachea with a glottis, and thus to feed as a tetrapod does while breathing. Changes in the circulatory system preadapted them to life on land by beginning the separation of their bloodstream into oxygenated blood coming from their lungs and reduced gills and deoxygenated blood coming from the rest of their body. In addition it would appear that their locomotion had become in some respects tetrapod-like, through fusion of their 
The four groups are L, lungfishes (Dipnoi); T, Tetrapoda; C, coelacanth; R, ray-finned fishes (Actinopterygii). Traits were sorted by whether the common ancestor of the lungfish and tetrapod lineage is proposed (on the grounds of parsimony) to have them. States of the traits (+ meaning present and -meaning absent) were kindly compiled by P. Forey based on Rosen et al. (1981) , Laglos (1982) , Forey (1987) , Fritzsch (1987) , Northcutt (1987) , and Schultze (1987) . For each trait two taxonomic groups are in one state and two are in the other state. Traits 1-14 favor the grouping of lungfish with tetrapods (Fig. 1B) . For each of these traits, the distribution of states can be explained most simply by supposing that there was a single change from -to + (for traits 1-3, 6, 7, and 10-14) or from + to -(for traits 4, 5, 8, and 9) on the stem lineage (yz in Fig. 113 ) leading to the common ancestor of extant lungfishes and tetrapods.
To explain the distribution of states observed for traits 15-22, a minimum of two changes of state on different lineages is required for each trait. Not appearing in this table are traits for which three of the groups share one state while the fourth has the other state. Such trait distributions can in every case be explained by a single change on a peripheral branch in the unrooted tree. An example would be the legged state, which is unique to tetrapods, in contrast to the finned state of the limbs in the three groups of fishes. Analysis of such traits does not allow one to assign evolutionary events to the stem lineages in Fig. 1 pelvic girdles and the incorporation of more mesomeres into the limbs. By contrast, as one would expect, there are other traits (15-22 in Table 2 ) whose distribution among the four extant taxa calls for a more complex explanation. In these eight cases our model requires parallelisms or reversals on two or more of the peripheral lineages in tree B, i.e., a minimum of two changes per trait, neither of which can be assigned to the stem lineage (yz).
Relationships of Fossils to Extant Lineages
This discussion has so far ignored rhipidistians, a third group of lobe-finned fishes, which are traditionally classified with coelacanths in the Crossopterygii (Romer 1966). Rhipidistians are widely believed to be directly ancestral to tetrapods (Romer 1966; Schultze 1987) .
A goal for future research is to find out how rhipidistians are related to the lineages in tree B (Fig.  1) . Because rhipidistians are a long-extinct group, this goal must be achieved by morphological analysis of fossils. It may be possible to link some of the rhipidistians with statistical confidence to specific lineages in tree B, for example, the yC lineage (i.e., retaining the crossopterygians as a natural monophyletic group), the zT lineage O.e., retaining direct rhipidistian ancestry to tetrapods), or the yz lineage (i.e., implying a rhipidistian ancestry for both lungfishes and tetrapods).
Once the attachment ofa rhipidistian to a specific lineage in tree B (Fig. 1) is achieved, morphological changes previously attributed to that lineage can then be ordered into two categories, those that orig-364 inated before the rhipidistian junction and those that occurred afterward. Knowledge of the sequence of morphological changes involved in the colonization of land might in this way be refined.
